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Abstract 

CO2  hydrogenation  to  olefins  and  ethylene  oligomerization  was  investigated  in  efforts  to  improve 
catalyst  composition  and  reaction  conditions  needed  for  scale-up.  The  hydrogenation  of  CO2  to 
hydrocarbons  is  investigated  over  y-alumina-supported  iron-based  catalysts  modified  with 
manganese  and  potassium  promoters  and  a  silica-stabilized  coating  under  fixed-bed  reactor 
conditions  to  produce  unsaturated  hydrocarbons  as  feedstock  chemicals  for  jet  fuel  synthesis. 
The  stabilizer  is  introduced  by  impregnating  the  K/Mn/Fe  on  AEO3  catalyst  with 
tetraethylorthosilicate  (TEOS)  to  minimize  the  deactivating  effects  of  water  on  catalyst  activity  in 
CO2  hydrogenation.  The  K/Mn/Fe  on  AEO3  catalyst  modified  with  the  TEOS  and  reduced  in  CO 
produced  a  lighter  end  fraction  of  olefins  compared  with  the  catalyst  reduced  in  H2.  To  increase 
the  chain  length  of  the  olefins  formed  in  the  CO2  hydrogenation  step,  investigation  of 
oligomerization  reaction  is  conducted  in  a  separate  experiment,  where  pure  ethylene  is  used  as  a 
model  olefin.  Ethylene  oligomerization  over  pelletized  amorphous  silica-alumina  (ASA)- 
supported  Ni  catalysts  demonstrated  high  conversion  and  selectivity  towards  the  jet  fuel  fraction 
(C8-C16)  at  very  low  MHSV. 
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Keywords:  COt  hydrogenation;  fixed-bed  reactor,  olefin/paraffin  ratio;  GHSV  (gas  hourly  space 
velocity),  MHSV  (mass  hourly  space  velocity) 

1.  INTRODUCTION 

As  petroleum-derived  fuels  continue  to  dramatically  increase  in  price,  and  world-wide  future 
availability  is  in  question,  this  scenario  presents  scientists  with  a  unique  challenge  and  an 
opportunity  to  develop  new  technologies  to  meet  current  and  future  energy  demands.1  These 
future  technologies  must  minimize  their  impact  on  the  environment,  specifically  carbon  dioxide 
(CO2)  emissions.1  Since  CO2  is  readily  available  from  the  air,  seawater,  and  as  a  byproduct  of 
many  industrial  energy-producing  processes  that  include  gas,  oil,  and  coal-fired  power  plants  and 
conventional  Fischer-Tropsch  (FT)  processes,  it  could  serve  as  an  abundant  chemical  feedstock 
for  the  production  of  energy-rich  hydrocarbons  similar  to  middle-distillate  fuels.1  Additionally, 

7 

processes  that  utilize  waste  CO2  from  the  environment  could  be  envisioned  as  C02-neutral. 

The  US  Naval  Research  Laboratory  (NRL)  has  recently  reported  developing  a  process  to 
recover  CO2  from  seawater.  '  CO2  is  140  times  more  concentrated  in  seawater  than  in  air  on  a 
weight-per-volume  basis  (g/mL).  As  this  technology  is  currently  being  scaled  and  optimized, 
new  and  improved  catalysts  are  being  developed  for  the  conversion  of  CO2  to  energy-rich 
hydrocarbons  by  NRL  '  and  others.  '  NRL’s  current  research  involves  a  two-step  synthetic 
approach  for  producing  liquid  hydrocarbons  from  CO2  and  hydrogen  (H2). 

In  the  first-step,  C02  and  H2  are  reacted  over  an  iron-based  catalyst  to  produce  light  olefins. 
The  mechanism  of  C02  hydrogenation  has  been  proposed  to  occur  in  two  steps  as  shown  in 
equations  1-2. 9,11  The  reverse  water-gas  shift  (RWGS,  Equation  1  below)  is  endothennic  and 
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produces  carbon  monoxide  (CO).  This  CO  is  then  carried  forward  in  an  exothennic  FT  synthesis 
step  (Equation  2),  producing  predominantly  monounsaturated  hydrocarbons  (Equation  3). 
Carbon  dioxide  is  also  hydrogenated  directly  to  methane,  in  a  widely  cited  thermodynamically 
favorable  and  highly  competitive  side  reaction  (Equation  4). 


nC02  +  nH2  77  nCO  +  nH20  (1) 

nCO  +  2nH?  ->  (CFE)n  +  nH2Q  (2) 

nC02  +  3nH2  ->  (CH2)n  +  2nH20  (3) 

C02  +  4H2  ->  CH4  +  2H20  (4) 


The  water  formed  in  the  primary  reactions  involved  in  C02  hydrogenation  (Equations  1-4)  and 

1 8  20 

typical  FT  synthesis  is  known  to  negatively  influence  catalyst  activity  and  product  selectivity.  ' 
One  objective  of  this  study  is  to  modify  the  catalyst  surface  with  a  silica-stabilized  coating  to 
prevent  the  water  vapor  produced  in  the  reaction  sequence  (Equations  1  and  2)  from  negatively 
influencing  catalyst  activity  by  re-oxidation  or  accelerated  crystallization  of  the  metal  oxide 
surface.'  By  decreasing  the  effects  of  water  vapor  on  the  catalyst  surface,  the  equilibrium  at  the 
catalyst  surface  should  favorably  shift  to  the  production  of  desired  intermediates  such  as  olefins 
over  intermediates  such  as  CO  or  methane  (Equations  1-3).  Light  olefins  (C2-C6)  produced  from 
the  reaction  of  C02  and  H2  may  be  further  reacted  in  a  second,  sequential  reactor  by 
oligomerizing  to  higher  linear  olefins."'"  The  low  temperature  oligomerization  of  ethylene  over 
Ni-exchanged  amorphous  silica-alumina  (ASA)  has  been  reported  extensively  by  Heveling25'27 
and  others,"  ’  where  the  reaction  generates  a  product  distribution  selective  for  even-numbered 


ACS  Paragon  Plus  Environment 


3 


Energy  &  Fuels 


Page  4  of  16 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 


30 

carbon  oligomers  (C4-C22).  As  part  of  a  second  objective,  data  from  the  oligomerization  of 
pure  ethylene  are  reported  as  a  model  olefin  for  the  development  of  new  and  improved  ASA- 
supported  nickel  catalysts  for  the  direct  and  selective  oligomerization  to  higher  molecular  weight 
olefins  in  the  second  step  of  a  two-step  approach  for  producing  liquid  hydrocarbons  from  carbon 
dioxide  and  hydrogen.  These  higher  hydrocarbons  can  be  direct  substitutes  for  crude  oil-distilled 
middle-distillate  fuels. 

2.  EXPERIMENTAL  SECTION 

2.1.  Chemicals  and  Materials.  Chemicals  were  reagent  grade  and  were  obtained  from 
Aldrich  Chemical  Company,  Milwaukee,  WI  and,  unless  noted  otherwise,  were  used  as  received. 

2.2.  Catalyst  Preparation.  K/Mn/Fe  on  AFCfi  catalyst:  K/Mn/Fe  on  Y-AI2O3  catalyst  was 

prepared  by  incipient  wetness  impregnation  (IWI)  method,  where  Fe(N03)3*9H20  (327.7  g), 

KMn04  (92.2  g),  and  KNO3  (13.9  g)  were  dissolved  in  boiling  deionized  water  (0.5  L)  and 

slowly  poured  over  Y-AI2O3  (389.5  g,  Matheson  Coleman  &  Bell,  surface  area  218.3  m  /g,  pore 

radius  1.2-3. 7  nm,  80-200  mesh)  until  excess  liquid  was  just  observed,  at  which  point  the 

remaining  metal  salt  solution  was  added.  The  mixture  was  slowly  dried  on  a  hotplate  (80-90  °C) 

with  frequent  stirring  until  achieving  a  tacky  dryness  and  then  calcinated  at  350  °C  in  a  furnace 

for  87  h  in  air.  Caution!  Make  sure  to  prepare  in  well-ventilated  hood  as  a  large  volume  of  NO 2 

gas  is  released  in  the  process.  The  resulting  dark  maroon  powder  was  collected  and  gently 

ground  to  remove  visible  clumps  (yield  =  506.4  g).  A  portion  of  the  above  K/Mn/Fe  on  AFO3 

2 1 

catalyst  was  further  functionalized  with  a  silica  layer  by  a  method  reported  in  the  literature,' 
where  K/Mn/Fe  on  AI2O3  was  impregnated  with  9%  weight  silica  by  adding  tetraethyl 
orthosilicate  (TEOS)  in  hexane  with  stirring  at  room  temperature.  The  catalyst  is  then  dried 
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overnight  prior  to  heating  at  120  °C  in  static  air  for  2  hours.  The  final  silica-coated  K/Mn/Fe  on 
AFO3  was  obtained  by  calcinating  the  sample  at  540  °C  for  4  hours. 

Amorphous  silica-alumina  (ASA)  particles:  All  ASA  pellets  were  prepared  by  co¬ 
precipitating  silica  from  TEOS  and  alumina  from  AKNCfifi’OtUO  to  target  a  5%  or  15%  A1 
content  by  base-catalyzed  hydrolysis  using  concentrated  NH4OH  (28%)  by  titration.  Hydrogels 
at  specified  pH  values  were  obtained  based  on  a  modified  literature  procedure  by  monitoring 
the  titration  progress  with  a  pH  probe  (Orion  4-Star  pH-ISE  Benchtop  pH  meter  with  Ross  Ultra 
Rugged  pH  probe,  8104BNUWP)  and  then  aging  for  1  hour  at  45  °C.  The  obtained  hydrogel  was 
then  filtered  and  washed  with  deionized  water  prior  to  spreading  the  formed  hydrogels  onto 
perforated  stainless-steel  sheets  (grade  304,  hole  diameter  0.045  inch,  hole  depth  =  0.0178  inch). 
Upon  baking  in  an  oven  at  110  °C  for  1  hour,  the  ASA  particles  were  obtained  as  small,  white 
pellets. 

Ni-exchanged  amorphous  silica-alumina  (NiASA):  The  above  ASA  materials  were  further 
exchanged  with  nickel  cations  by  an  ion  exchange  protocol  reported  elsewhere.  Each  ASA 
sample  was  combined  in  a  round-bottom  flask  with  a  1  M  solution  of  Ni(NC>3)2*6H20  in  absolute 
ethanol  (80  mL  Ni  solution  per  6  grams  ASA).  While  gently  tumbling  on  a  rotary  evaporator  at 
atmospheric  pressure  heated  by  an  oil  bath,  each  ASA  sample  was  refluxed  in  the  nickel  solution 
for  4  hours  prior  to  filtering  and  washing  the  particles  several  times  with  deionized  water.  The 
final  NiASA  particles  were  isolated  and  dried  in  an  oven  at  1 10  °C. 

Calcinated  ASA  (ASAcal)  and  Ni-exchanged  calcinated  ASA  (NiASAcal):  Samples  of  the 
prepared  ASA  were  calcinated  under  static  air  in  a  furnace  set  to  550  °C  for  1  hour.  Samples  of 
calcinated  ASA  were  exchanged  with  nickel  cation  following  the  same  NiASA  preparation 
described  above.  Additionally,  a  commercial  ASA  (Sigma- Aldrich,  grade  135)  was  also  utilized 
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as  catalyst  support,  where  Ni  exchange  and  calcination  procedures  are  similar  to  those  described 
above. 

2.3.  Materials  Characterization.  Material  properties  of  all  ASA  and  NiASA  (calcinated 
and  uncalcinated)  were  characterized  by  x-ray  photoelectron  spectroscopy  (XPS),  microporosity 
measurement,  field  emission  scanning  electron  microscopy  (FESEM)  and  Fourier- transform 
infrared  (FTIR)  spectroscopy.  XPS  was  used  to  assess  the  surface  species  and  quantities  present 
on  the  different  ASA  particles  as  well  as  commercial  ASA  using  a  K-Alpha  instrument  (Thermo 
Scientific,  UK)  with  an  instrument-specific  powder  sample  holder,  and  Unifit  (Version  2011, 
Revision  F)  software  for  data  analysis.  A  monochromated  A1  Ka  x-ray  source  was  used,  where 
the  excitation  energy  was  1486.68  eV  +/-  0.2,  and  the  dwell  time  (0.05  s)  and  pass  energy  (200 
eV)  were  also  held  constant.  The  binding  energy  (BE)  range  was  viewed  from  -9.92  to  +1350.08 
eV,  for  a  total  of  1361  data  points  per  analysis.  Structural  and  chemical  characterization  was 
perfonned  with  a  FESEM  (Model  LEO  DSM  982,  LEO)  operated  at  an  accelerating  voltage 
between  5-10  kV,  and  the  working  distance  varied  from  8-12  mm. 

Brunauer-Emmett-Teller  (BET)  surface  areas  were  measured  using  a  Micrometries 
ASAP2010  accelerated  surface  area  and  porosimetry  system.  FTIR  spectra  were  recorded  for 
samples  pressed  in  KBr  pellets  (1:100  sample  to  KBr  weight  ratio)  and  analyzed  using  OMNIC 
software  (Thermo  Electron  Corporation,  2001)  over  the  frequency  range  of  4000-400  cm'1.  Ni- 
exchanged  ASA  samples  were  submitted  for  elemental  analysis,  where  percent  Ni  concentration 
was  detennined  by  inductively  coupled  plasma  atomic  emission  spectroscopy  (ICP-OES) 
analysis  (Galbraith  Laboratories,  Inc.,  Knoxville,  TN). 

2.4.  Carbon  Dioxide  Hydrogenation.  A  fixed-bed  reactor  (Figure  1)  was  prepared  by 
loading  a  mixture  of  the  K/Mn/Fe  on  Y-AI2O3  catalyst  and  Y-AEO3  filler  (17.82  g  catalyst,  2.18  g 
alumina  for  20.00  g  total)  in  a  stainless-steel  tube  (9  inches  long,  1/2  inch  OD,  3/8  inch  ID), 
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drying  with  nitrogen  (100  seem,  265  psig,  300  °C),  and  finally  reducing  the  catalyst  with  CO  or 
H2  (2  hours,  300  °C,  100  seem).  Once  reduced,  the  reactor  was  purged  with  nitrogen  for  1  hour 
prior  to  introducing  the  reactive  gases,  where  flows  were  set  by  mass  flow  controllers  (Sierra 
Instruments)  at  100  seem  (25  seem  C02,  75  seem  H2)  with  10  seem  of  nitrogen  as  an  internal  gas 
chromatography  (GC)  standard  for  a  total  flow  of  110  seem.  The  pressure  of  the  system  was 
maintained  at  265  psig  with  a  digital  backpressure  regulator  (Alicat),  and  temperature  was 
controlled  across  3  zones  of  the  reactor  heated  to  300  °C  with  1-foot  lengths  of  heating  tape 
(Amptek)  using  K-type  thermocouples  and  PID  temperature  controllers  (Omega).  Liquid 
products  were  collected  in  a  high  pressure  reactor  vessel  (Parr)  cooled  to  5  °C  with  an  immersion 
cooler  (SP  Scientific)  in  a  water  bath,  and  the  product  gas  stream  was  first  dried  over  a  bed  of  3 
A  molecular  sieves  prior  to  GC  analysis  (Agilent  Technologies).  Each  experimental  sequence 
was  set  for  a  total  of  5  GC  sampling  runs  with  12  hour  post-run  intennission. 

2.5  Ethylene  Oligomerization.  A  fixed-bed  reactor  was  prepared  by  loading  a  stainless  steel 
tube  (9  inch  length,  1/2  inch  OD,  3/8  inch  ID)  with  variable  amounts  either  commercial  or 
particle-formed  Ni-exchanged  ASA  with  commercial  ASA  filler  (~  10  g  total).  The  catalyst  was 
dried  with  flowing  nitrogen  at  300  °C  overnight  prior  to  introducing  compressed  ethylene  at  a 
flow  rate  (10  seem)  controlled  by  mass  flow  controller  (Sierra  Instruments)  where  temperature 
was  established  at  120  °C  across  3  zones  using  K-type  thermocouples  and  PID  controllers 
(Omega).  Liquid  products  were  trapped  in  a  500  mL  sample  storage  cylinder  (Swagelok)  chilled 
in  an  acetone  bath  to  -50  °C  with  an  immersion  cooler  (SP  Scientific),  and  the  pressure  of  the 
system  was  maintained  with  a  digital  back-pressure  regulator  to  4 1 5  psig.  Liquid  products  were 
analyzed  by  GC-MS  (Agilent  Technologies). 

3.  RESULTS  AND  DISCUSSION 
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3.1.  Carbon  Dioxide  Hydrogenation.  A  catalyst  formulation  that  has  been  previously  well- 
characterized  in  a  continuously-stirred  tank  reactor  (CSTR)  environment  was  used  as  the  baseline 
catalyst  to  demonstrate  the  feasibility  of  using  a  silica-stabilized  coating  to  enhance  catalyst 
activity  in  a  fixed-bed  tubular  reactor.  ’  In  the  initial  studies,  the  baseline  catalyst  was  reduced 
in  the  fixed-bed  tubular  reactor  by  carbon  monoxide  to  fonn  iron  carbide  phases  on  the  catalyst. 

32  34 

It  has  been  proposed  that  these  carbide  phases  are  essential  in  FT  synthesis  for  chain  growth.  ' 
This  has  been  shown  by  changing  the  reducing  agent  of  the  fresh  catalyst  from  CO  to  H2, 
resulting  in  a  lower  CO  conversion.  Table  1  provides  the  observed  hydrogenation  performance 
as  CO2  percent  conversion  and  product  distribution  (CO  and  hydrocarbons)  of  the  baseline 
catalyst  reduced  in  CO.  The  reaction  was  run  for  over  1 16  hours.  After  the  first  12  hours,  CO? 
conversion  remained  steady  between  31  and  35%.  The  hydrocarbon  selectivity  (not  including 
methane)  increased  to  as  high  as  65.4%  of  the  CO2  converted,  where  the  olefin/paraffin  ratio 
remained  stable  at  5.3.  A  shift  toward  higher  hydrocarbon  selectivity  was  observed  as  the  C6+ 
fraction  increased  from  0  to  9.0%  over  the  course  of  116  hours.  This  is  in  agreement  with 
pretreatment  studies  of  Fe-based  FTS  catalysts  that  showed  that  CO  reduction  led  to  longer 
hydrocarbon  chains  and  less  methane  production/  Higher  activities  were  also  achieved  after  a 
slower  approach  (e.g.,  50  h)  to  reach  steady-state  conditions.  Such  an  increase  in  activity  is 
suspected  to  be  a  result  of  the  increased  basicity  of  the  carbide  phase  at  the  catalyst  surface; 
enhancing  the  absorption  and  dissociation  of  CO  while  also  decreasing  the  frequency  of 

to 

secondary  hydration  reactions  for  olefin  products.  Approximately  2.4  mL  of  liquid 
hydrocarbon  were  collected  in  the  trap  after  116  hours. 

Preliminary  studies  of  iron  catalyst  modified  with  9%  TEOS  and  tested  for  8  hours  found  that 
CO2  conversion  increased  by  as  much  as  22%.  In  addition,  the  selectivity  towards  CO  and 
methane  was  shown  to  decrease.  When  9%  TEOS  was  added  to  the  baseline  catalyst  used  in  the 
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present  studies,  Table  2  shows  an  8.8%  average  decrease  in  overall  CO2  conversion  after  12 
hours  as  compared  to  the  baseline  catalyst.  During  this  time  the  CO  selectivity  increased  by  as 
much  as  31%  and  methane  selectivity  increased  very  little.  The  loss  in  CO2  conversion  and  the 
higher  selectivity  of  CO  reduced  the  overall  hydrocarbon  selectivity  in  the  C2-C6+  fraction.  In 
addition,  the  selectivity  within  the  C2-C6+  fraction  shifted  away  from  the  fonnation  of  olefins  as 
shown  by  a  30%  decrease  in  the  olefin  to  paraffin  ratio  over  time. 

Preliminary  studies  by  Song,  et  al.  report  increases  in  CO2  conversions  by  as  much  as  22% 
when  H2  was  used  as  the  reducing  agent.  The  studies  reported  here  include  a  comparison  of  CO 
to  H2  to  elicit  the  role  of  the  reducing  agent  on  CO2  conversion  and  hydrocarbon  selectivity  of 
the  baseline  catalyst  and  the  modified  catalyst.  Table  3  provides  the  results  of  the  baseline 
catalyst  reduced  in  H2.  Comparing  the  baseline  catalysts  over  time  (Tables  1  and  3)  shows  the 
CO2  conversion  is  not  notably  affected  by  the  reducing  agent.  While  CO  selectivity  increases  by 
about  12%  over  the  baseline  catalyst  reduced  in  TL,  the  hydrocarbon  selectivity  and  the  olefin 
paraffin  ratios  remain  similar  for  both  baseline  catalysts.  In  addition,  Table  3  shows  a  32%  shift 
in  hydrocarbon  selectivity  towards  C6+  over  time.  Indeed,  3.3  mL  of  liquid  hydrocarbon  was 
collected  from  the  trap  after  92  hours  compared  to  2.4  mL  collected  after  1 16  hours. 

Table  4  provides  the  data  collected  for  the  modified  catalyst  reduced  in  H2.  Comparing  the 
baseline  catalyst  and  the  modified  catalyst  reduced  in  H2  (Tables  3  and  4)  shows  that  the  CO2 
conversion  was  reduced  after  the  first  12  hours  by  an  average  of  21%  overtime  and  methane 
selectivity  increased  by  an  average  of  13%  for  the  modified  catalyst.  A  shift  toward  fonnation  of 
more  saturated  hydrocarbons  is  observed  over  the  modified  catalyst  as  the  average  olefin  to 
paraffin  ratio  after  the  first  12  hours  is  4.4  compared  to  5.3  for  the  baseline  catalyst.  In  addition 
the  overall  selectivity  of  C2-C6+  is  reduced  on  average  24%  by  the  modification  of  the  catalyst. 
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Comparing  the  modified  catalyst  reduced  in  CO  and  fh  (Tables  2  and  4)  shows  that  the 
modified  catalyst  reduced  in  has  much  greater  selectivity  towards  olefins  than  the  modified 
catalyst  reduced  in  CO.  It  also  produces  10%  less  CO  over  time.  However,  the  modified  catalyst 
in  H2  has  the  lowest  average  CO2  conversion  over  time  compared  to  the  other  catalyst  and 
conditions. 

In  Tables  1-4,  yield  is  calculated  by  multiplying  the  C2-C6+  hydrocarbon  selectivity  values 
with  the  CO2  conversion  values.  Tables  1  and  3  show  that  on  average  after  12  hours  the  C2-C6+ 
yield  is  21%  on  a  carbon  basis.  This  means  an  average  of  21%  of  CO2  fed  into  the  reactor  is 
converted  to  C2-C6+  molecules.  This  average  yield  of  21%  for  both  baseline  catalysts  is 
significantly  higher  than  the  17%  and  16%  yield  obtain  for  the  modified  catalysts.  Clearly  the 
addition  of  TEOS  to  the  catalysts  negatively  affects  the  transport  of  species  to  the  catalyst  sites. 

The  total  hydrocarbon  product  distribution  as  a  function  of  time  and  catalyst  modification  can 
be  described  by  means  of  Anderson- Schulz-Flory  (ASF)  growth  distribution  plots,  where 
ln(  Wn/N)  (Wn  is  the  weight  fraction  of  HC  containing  N  number  of  carbon  atoms)  is  plotted  as  a 
function  of  carbon  number  (N).  The  chain  growth  probability  a  is  inferred  by  the  slope.  Tables 
1  through  4  show  on  average  the  chain-growth  probability  for  each  catalyst  condition  reaches  its 
maximum  after  60  hours.  Tables  1  and  4  show  that  while  the  average  CO2  conversion  was 
reduced  by  the  addition  of  TEOS  to  the  baseline  catalyst,  the  average  chain-growth  probability 
after  12  hours  increased  slightly  from  0.48  to  0.52  when  the  catalyst  was  reduced  by  CO.  When 
the  baseline  catalyst  was  reduced  in  H2  compared  to  reduction  by  CO  the  average  chain-growth 
probability  increased  from  0.48  to  0.54.  This  appears  to  be  the  result  of  a  shift  in  hydrocarbon 
selectivity  towards  C6+  from  an  average  of  6%  (Table  1,  catalyst  reduced  by  CO)  to  9%  (Table 
3,  catalyst  reduced  by  H2).  The  average  higher  chain- growth  probability  for  catalyst  reduced  by 
H2  was  not  affected  by  the  modification  of  the  catalyst  with  TEOS.  The  Tables  indicate  that 
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under  the  fixed-bed  reaction  conditions  for  CO2  hydrogenation,  reduction  with  CO  is  favored  for 
the  production  of  light  (<  C6)  olefins. 

3.2  Ethylene  Oligomerization  □  Catalyst  Characterizaton.  Amorphous  silica-aluminas 
(ASAs)  offer  a  robust  catalyst  platform  that  may  be  systematically  tailored  by  controlling  pore 
size  distribution,40'42  degree  of  crystallinity,43  and  number  and  strength  of  Bronsted  and  Lewis 
acidic  sites44  to  optimize  catalytic  performance.  Specifically,  these  catalysts  are  notably  effective 
in  oligomerization  of  propylene  and  butylene.  Although  previously  reported  results  have 
established  a  foundation  from  which  to  approach  the  use  of  ASA  supports  for  catalysis,  there 
remains  a  challenge  in  tuning  their  properties  to  achieve  specific  hydrocarbon  selectivity  such  as 
1 -hexene  or  a  particular  hydrocarbon  region  such  as  C9-C16. 

In  this  study  hydrogels  were  synthesized  by  co-precipitating  aluminum  and  silica.  By 
systematically  altering  the  synthesis  as  a  function  of  aluminum  content  and  pH,  a  set  of  support 
materials  were  generated  (Table  5).  The  ASA  supports  were  fonned  into  particles  by  heating  the 
gel  to  1 10  °C  within  molds  of  a  specified  size,  and  nickel  was  loaded  onto  the  resultant  pelletized 
materials  by  ion  exchange.45  The  catalysts  were  initially  characterized  by  XPS,  FT-IR,  BET  and 
elemental  analysis  to  identify  changes  in  ASA  composition  as  a  function  of  proportion  of  used  Si 
and  A1  precursors,  pH  of  hydrogel  isolation,  nickel  cation  exchange,  and  calcination  conditions. 
The  synthesized  ASA  and  NiASA  particle  characterization  data  are  provided  in  Figure  2,  where 
it  was  observed  that  the  SiCF/ALCE  ratio  increased  with  pH  during  hydrogel  fonnation  for  5% 
Al-containing  ASA  and  less  notably  so  for  the  15%  Al-containing  ASA.  The  observed  higher  A1 
surface  concentration  for  calcinated  samples  is  also  supported  by  the  expected  increase  in 
SiCF/ALCfi  ratio  for  calcinated  samples  reported  in  the  literature.46 
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With  regards  to  Ni  loading,  elemental  analysis  indicates  that  there  was  a  decreased  Ni 
concentration  for  calcinated  ASA  when  compared  with  uncalcinated  ASA  (Table  5).  This  was 
likely  due  to  the  depletion  of  surface  silanol  groups  by  dehydration  that  may  be  essential  for  Ni 
coordination.47  Also,  it  was  found  that  in  general  ASA  with  higher  A1  content  contained  higher 
concentrations  of  Ni.  As  it  has  been  suggested  that  Al-OH-Si  bridging  hydroxyl  groups  are  Ni- 
exchangeable  sites  in  ASA-supported  Ni  catalysts,36’48  it  followed  that  an  increase  in  A1  content 
would  result  in  higher  Ni  loading.  Indeed  the  FT-IR  spectra  of  the  Ni-loaded  ASAs  were 
identical  to  those  of  their  Ni-free  precursors,  with  the  exception  of  a  diminishing  intensity  in  the 
broad  silanol  stretch  at  3450  cm'1.  We  did  not  identify  any  particular  trends  in  the  degree  to 
which  the  silanol  band  had  diminished,  and  the  conditions  under  which  the  ASA  support 
materials  were  originally  synthesized.  However,  we  did  generally  find  that  the  degree  to  which 
the  silanol  band  diminished  was  less  for  the  calcinated  ASAs  than  for  non-calcinated  ASAs. 
This  qualitatively  indicates  that  the  calcinated  ASAs  are  less  capable  of  loading  Ni,  probably  due 
to  a  lower  concentration  of  surface  silanols.  This  hypothesis  was  supported  by  elemental 
analysis.  Additionally,  the  calcinated  ASAs  were  detennined  to  have  over  a  30%  loss  in  surface 
area  by  BET. 

3.3.  Ethylene  Oligomerization  □  Catalyst  Performance.  In  this  study,  pure  ethylene  was 
used  as  a  model  to  test  the  optimization  of  well-characterized  ASA-supported  nickel  catalysts  for 
the  selective  oligomerization  of  olefins  to  higher  molecular  weight  hydrocarbons  in  the  C9-C16 
region.  The  ASA  characterization  shown  in  Table  5  verified  that  the  uncalcinated  supports 
contained  higher  nickel  loading  and  greater  surface  area.  In  this  evaluation,  20  grams  of 
uncalcinated,  nickel-loaded  ASA  support  synthesized  using  5%  A1  at  pH  5.71  (Sample  1,  Table 
5)  was  explored  at  different  mass  hourly  space  velocities  (MHSV)  to  detennine  conditions 
needed  to  achieve  high  ethylene  conversion  as  well  as  ideal  product  selectivity  (C9-C16  olefins 
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for  fuel  application).  Figure  3  shows  ethylene  conversion  and  the  mass  percent  selectivity  for 
hydrocarbon  chain  length  as  a  function  of  MHSV  at  415  psig.  The  Figure  shows  that  as  MHSV 
was  decreased  from  1.10  to  0.16  h'1  and  ethylene  conversion  increased  from  33%  to  64%.  The 
remaining  67%  to  36%  of  the  ethylene  was  not  converted.  In  addition,  hydrocarbon  fraction 
detected  in  the  C9-C16  region  increased  from  52%  to  86%.  This  observation  was  supported  by 
literature  reports,  where  increasing  the  retention  time  of  reactant  ethylene  feed  on  the  catalyst  bed 
resulted  in  a  lower  MHSV  value,  allowing  for  further  chain  growth  of  the  fonned  oligomer.49 

4.  CONCLUSIONS 

The  separate  steps  of  CO?  hydrogenation  and  ethylene  oligomerization  were  explored  to 
identify  and  improve  catalyst  composition  and  reaction  conditions  ideal  for  scale-up 
considerations.  Initial  results  for  CO2  hydrogenation  demonstrated  a  loss  in  conversion  and 
hydrocarbon  selectivity  to  olefins  by  the  modification  of  a  Fe/Mn/K  catalyst  supported  on 
alumina  with  TEOS  under  fixed-bed  conditions.  Further,  the  results  indicated  that,  under  fixed- 
bed  reaction  conditions  for  CO2  hydrogenation,  the  Fe/Mn/K  catalyst  produced  lighter  olefins  in 
greater  quantities  when  CO  was  used  as  the  reducing  agent. 

Characterization  of  ASA  formed  under  conditions  of  different  A1  content,  pH  of  synthesis, 
and  calcination  treatment  indicated  that  the  structure  of  ASA  supports  can  be  directed  to  control 
Ni  catalyst  loading  as  well  as  the  surface  silica/alumina  ratio.  Preliminary  tests  indicated  that  the 
formed  NiASA  perfonned  well  as  a  catalyst  for  the  oligomerization  of  ethylene,  where  ethylene 
conversion  as  well  as  selectivity  for  oligomers  of  higher  chain  length  were  successfully  targeted 
by  decreasing  the  MHSV.  As  such,  the  pelletized  NiASA  are  considered  as  potential  catalysts 
for  the  upgrading  of  light  olefins  from  an  initial  CO2  hydrogenation  reactor  to  higher  olefins  of 
jet  fuel-specific  composition  when  used  in  either  a  merged  or  separated  oligomerization  stage 
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reactor.  These  results  indicate  promising  directions  for  conditions  and  catalyst  compositions  to 
use  in  the  scale-up  demonstration  of  CC>2-to-fuel  conversion,  where  there  is  ongoing  work  to 
improve  reactor  design,  catalyst  compositions,  as  well  as  reaction  and  process  conditions  (e.g., 
CO2  hydrogenation  in  a  single-step  to  liquid  olefins). 
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